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Abstract	
Sphagnum	mosses	 are	 globally	 important	 owing	 to	 their	 considerable	peat‐forming	 ability	 and	
their	potential	 impact	on	global	climatic	cycles	acting	as	a	 long‐term	net	carbon	sink.	However,	
changes	in	climatic	conditions	due	to	global	warming	may	affect	the	relations	between	Sphagnum	
mosses	and	vascular	plants	but	also	 the	competition	among	Sphagnum,	and	 thus	alter	 the	accu‐
mulation	of	carbon	on	boreal	wetlands.	Sphagnum	mosses	are	a	plant	genus	with	a	favorable	abil‐
ity	to	grow	in	low	solar	irradiance	and	temperature	conditions	compared	to	vascular	plants.	This	
may	 be	 increasingly	 beneficial	 in	 increased	 wintertime	 temperatures	 and	 predated	 snowmelt	
conditions.	To	understand	particularly	the	importance	of	early	spring	photosynthetic	activity	and	
thus	the	role	of	the	length	of	growing	season	on	carbon	balance,	we	analyzed	the	CO2	exchange	of	
Sphagnum	mosses	with	closed	chamber	technique	 in	two	categories	of	microtopographical	habi‐
tats,	hummocks	 and	 lawns,	during	 four	 seasons	2010‐2013	on	 a	 raised	bog	 in	Central	 Finland.	
During	CO2	exchange	measurements,	instantaneous	net	ecosystem	exchange	(NEE)	and	ecosystem	
respiration	(RE)	were	measured.	Our	results	show	that	the	mean	measured	seasonal	NEE,	i.e.	the	
instantaneous	net	carbon	sequestration,	of	hummocks	was	generally	only	slightly	higher	than	the	
NEE	 of	 lawns,	 but	 the	mean	measured	 seasonal	RE	 of	 hummocks	was	 clearly	 and	 significantly	
higher	 than	the	RE	of	 lawns	 in	every	study	year.	A	reason	 for	 the	observed	still	higher	seasonal	
carbon	sequestration	of	hummocks	 than	that	of	 lawns	besides	 the	slightly	higher	rate	of	carbon	
accumulation	was	the	 longer	duration	of	physiologically	active	growing	season.	Therefore,	hum‐
mock‐forming	Sphagnum	mosses	exposed	firstly	from	snow	cover	showed	to	get	the	extra	time	for	
photosynthesis	 and	 thus	 extra	benefit	 compared	 to	other	mire	plants.	This	may	be	 further	 en‐
hanced	by	 the	expansion	of	hummock‐forming	Sphagnum	moss	dominated	raised	bogs	 towards	
northern	aapa‐mire	region	due	to	the	global	warming.	
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1.	Introduction	
Sphagnum moss species are globally important owing to their considerable peat-forming ability and their poten-
tial impact on global climatic cycles  [1]  [2]. Sphagnum is the most important peat forming plant genus and there 
may be more carbon stored in Sphagnum than in any other genus  [3]. The genus Sphagnum includes 250 - 450 
species, but rather fewer than 50 species contribute to peat formation on a large scale  [4]. These peat-producing 
species are most abundant on boreal wetlands above latitude 45N  [5]. Thus, Sphagnum forms a major compo-
nent of boreal wetlands, which cover 2% of the total land area  [6]. These wetlands have acted as a long-term net 
carbon sink and take up 0.07 Pg carbon per year  [1]  [7], equivalent to 5% of the total net carbon flux from at-
mosphere to land  [6]. Sphagnum mosses solely have thus been responsible for the sequestration of large quanti-
ties of carbon and play an important role in the global carbon cycle  [8]. 
Changes in climatic conditions due to the global warming may affect the relations between Sphagnum mosses 
and vascular plants  [9]. Changes in climatic conditions may also affect competition among Sphagnum, both 
through direct moisture changes and through the effects on Sphagnum density and growth rate  [10]  [11]. These 
may have important consequences for the long-term stability of the mire vegetation community  [12]. On boreal 
wetlands, vascular plant performance is further controlled by the presence of Sphagnum, which often dominates 
the bottom layer and the peat deposits in which the plants grow  [3]. Sphagnum mosses strongly reduce the 
availability of nutrients to vascular plants on nutrient-poor mires by efficiently accumulating nutrients from at-
mospheric deposition and reducing decay and mineralization rates  [9]  [13]- [15]. At the same time, however, 
they force vascular plants to keep pace with their progressively increasing height, in order not to become buried 
 [9]  [10]  [16]. Therefore global warming may impact on the functioning of mire ecosystems via alterations in 
species composition, and thus alter also the accumulation of carbon on boreal wetlands  [8]  [12]  [17]. 
According to the six-year study of Aurela et al.  [18] on a subarctic fen in northern Finland, the interannual 
variation of the CO2 balances originates almost completely from the variations during the snow-free period. In 
their study, the snowmelt timing was proven to be the most important single determinant of the annual carbon 
balance. In contrast to a commonly-held view, the hydrometeorological conditions during the growing season 
had only a minor effect on the annual balance, emphasizing the importance of the start of the growing season 
 [18]. Sphagnum mosses have a favorable ability to grow in low solar irradiance and temperature conditions 
compared to vascular plants  [19]  [20]. In the study of Harley et al.  [19], the photosynthesis of Sphagnum angus-
tifolium saturated already in the photosynthetic photon flux density (PPFD) under 500 µmol·m−2·s−1. Photosyn-
thesis started at ca. ±0˚C, when photosynthetic rates at 5˚C were already ca. 50% of maximum and the saturation 
temperature was at ca. 10˚C  [19]. These requirements would normally be met already in late March at least in 
southern and middle boreal region assuming that no snow cover occurs. 
Boreal raised bogs show a typical pattern of microtopographical habitats, ranging from relatively dry but regu-
larly (in spring after snowmelt) inundated lawns to dry high hummocks (without inundation period), with a dif-
ferent set of Sphagnum species occupying each microhabitat  [21]. Therefore the decrease in snow cover in early 
spring might be more beneficial for hummock-forming Sphagnum species than for lawn species. This could enhance 
the expansion of hummock dominated raised bogs towards northern aapa-mire region due to the global warming. 
We hypothesized therefore 1) that productivity of lawn species (e.g. S. fallax and S. balticum) will not in-
crease with decreasing snow cover, whereas biomass production of hummock species (e.g. S. fuscum and S. 
magellanicum) will increase, and 2) that global climate warming with shortened snow cover period may thus 
promote rather than threaten the carbon sequestration ability of boreal wetlands by favoring the growth of 
hummock-forming Sphagnum. 
2.	Materials	and	Methods	
2.1.	Study	Site	
The study was carried out during 2010-2013 on a pristine raised bog at Kauhaneva, central Finland (62˚13'N, 
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22˚26'E). The mire site type of the study site was low sedge S. papillosum fen with large Sphagnum hummocks 
 [22]. The study site lies in the transitional zone between southern-boreal and middle-boreal coniferous forest 
zones, on the edge of a large raised bog area with the characteristics of both poor minerotrophy (lawns) and om-
brotrophy (hummocks). The long term (1983-2013) annual mean temperature of the site was 3.8˚C, the annual 
mean precipitation 612 mm and the accumulative temperature sum (>+5˚C) 1156 degree-days. 
The surface of the study site consisted of a typical pattern of boreal raised bogs: relatively dry but regularly 
inundated lawns to dry hummocks. The height of the studied hummocks was ca. 0.4 m compared to the sur-
rounding lawn area. Soil of the site consisted of weakly decomposed Sphagnum-Carex peat with the depth of ca. 
1 meter. Dominant mosses on the hummock-plots were S. fuscum and S. magellanicum, and on the lawn-plots S. 
balticum and S. fallax. 
2.2.	Vegetation	Monitoring	
A leaf area index (LAI) estimation was employed in order to relate CO2 fluxes to the spatial and temporal varia-
tion in vegetation. For vascular plants, species-specific LAIs in each sample plot were estimated in early August 
during 2010-2013 as a product of the number of leaves and the average leaf size  [23]. The number of green 
leaves of each species was estimated by counting the number of the leaves in permanent sub-sample plots within 
each sample plot that accounted for 10% of the total area of the plot. 
2.3.	CO2	Exchange	Measurements	
Six CO2 exchange measurement plots were established at the site. Three of the measurement plots were estab-
lished on the hummock surfaces and the other three on the lawn surfaces. CO2 exchange measurement occasions 
with closed chamber technique  [24] were carried out during the whole snow-free period (March/April-October) 
2010-2013. The timing of snowmelt was monitored at the site, and CO2 exchange measurements were started in 
each spring immediately after the snow cover was melt at least from all of the hummock plots. 
Prior to measurements, an aluminium collar (60 × 60 cm) was permanently inserted into 30 cm depth in each 
plot. The collar was surrounded by a water groove that allowed chamber placement and air-tight sealing of the 
measurement system. Instantaneous net ecosystem CO2 exchange (NEE) in each plot was measured with a 
transparent plastic chamber and a portable infra-red gas analyzer (EGM-4, PP Systems, UK). Measurements 
over 90 - 180 s were carried out in the full light and under an artificial shade reducing the ambient light by 40% 
- 60%. During the measurements, the CO2 concentration in the chamber headspace, photo synthetically active 
radiation (PAR) under the chamber roof, and the chamber temperature were recorded at 15-s intervals. After the 
measurements in light, the chamber was covered with an opaque hood and the ecosystem respiration (RE) in the 
dark was measured. Water table level (WTL) in a perforated tube next to each plot, and peat temperatures at 5 
cm below the moss surface were measured simultaneously with the CO2 exchange measurements to relate the 
fluxes to the prevailing environmental conditions. NEE and RE were calculated as the linear change in CO2 
concentration as a function of time by fitting a linear regression line. 
2.4.	Statistical	Analyses	
Since we had a limited amount of data on the CO2 exchange, we could not reliably model fluxes on which to 
base simulations of seasonal estimates of NEE and RE. Instead, we concentrated on testing the significance of 
the effect of microtopographic habitat on instantaneous NEE and RE, and interpolating the seasonal mean carbon 
balances for both microtopographical habitats over the growing seasons. Since observations were made on the 
same measurement plots over a period of time (four growing seasons 2010-2013), the observed responses were 
therefore correlated. As opposed to two-way ANOVA, linear mixed models have been designed to handle cor-
related data with unequal variances from normal distributions  [25]. Thus, the analyses of instantaneous flux rates 
were based on fixed effects models with restricted maximum likelihood estimation method using the linear mixed 
procedure in SPSS Statistics ver. 22 (IBM Corp., USA). Test results were considered significant when p < 0.05. 
3.	Results	
3.1.	Environmental	Conditions	during	the	Study	Period	
The thermal growing season started in late April or early May and lasted until the end of October during study 
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years 2010-2013 (Figure 1). The mean seasonal (April-October) temperatures at Kauhaneva were slightly 
higher in all study years 2010-2013 except 2012 than the long term average of 1984-2014 (10.5, 11.4, 9.4, 10.6 
and 9.7˚C, respectively) (Figure 1). However, the monthly temperatures of early season (April-July) in 2010 
and 2011 were clearly higher than the long term average of 1984-2014 (Figure 1). Peat temperatures at 5 cm 
below the moss surface measured simultaneously with the CO2 exchange measurements were typically close to 
0˚C during the first measurements after snowmelt and rose to their seasonal maximum in July at ca. +20˚C 
(Figure 2). Peat temperatures in hummocks were generally slightly higher than in lawns (Figure 2). The highest 
photosynthetically active radiations (PAR) under the chamber roof measured simultaneously with the CO2 ex-
change measurements varied from ca. 200 µmol·m−2·s−1 during late season in October to 1600 µmol·m−2·s−1 
during peak season in July (Figure 3). Oppositely, measured PAR values were during early season in April only 
ca. 20% lower than during peak season in July (Figure 3). 
The timing of snowmelt varied rather slightly during the study period, occurring early April in all study years 
except 2012. Although the season of 2012 was the coldest during our study period 2010-2013, the snowmelt was, 
however, the earliest taking place in the middle of March in 2012. Short-term (ca. one month) inundation oc-
curred immediately after snowmelt especially in spring 2010 on the lawn plots (Figure 2). The snow and/or in-
undation free period lasted for seven months covering the whole growing season for the hummocks, whereas 
only ca. six months for the lawns having the inundation after the snowmelt and delayed snowmelt compared to 
hummocks. In 2012, the difference between hummocks and lawns in the snow and/or inundation free period was 
almost one and a half months. 
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Figure 1. Mean air temperature and monthly precipitation at Kauhaneva from 
March to October during 2010-2013 and as 30-year average 1983-2013. 
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Figure 2. Measured water table level (WTL) and soil temperature (T5) values at 5 cm depth below soil surface at Kauhaneva 
during 2010-2013. WTL and T5 values based on manual measurements made in conjunction with CO2 exchange measure-
ments. Three WTL measurements from March-April 2011-2013 are missing because of the solid soil frost. 
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Figure 3. Measured photosynthetically active radiations (PAR) at Kauhaneva during 2010-2013. PAR values are based on 
manual measurements made in conjunction with CO2 exchange measurements. Part of the measurements was done under an 
artificial shade reducing the ambient light by 40% - 60% resulting the rather large variation in PARs. 
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The cumulative precipitations during April-October were rather close to the long-term average of 1984-2014 
(408 mm) in all study years 2010-2013 except in 2012 (678 mm) (Figure 1). Especially the monthly precipita-
tions in July and October 2012 were clearly higher than the monthly long term averages of 1984-2014 (Figure 
1). Water table levels (WTL) measured in a perforated tube next to each CO2 exchange measurement plot varied 
from ca. −10 cm to −40 cm below the soil surface for hummocks, and from ca. +10 cm above the soil surface 
(inundation) in spring to −15 cm below the soil surface for lawns (Figure 2). In early spring also solid soil frost 
occurred during the first CO2 exchange measurement occasions in 2011-2013, and therefore WTLs cannot be 
measured (Figure 2). 
The maximum leaf area index (LAI) of vascular plants was generally very low at Kauhaneva, in average ca. 
0.14 m2·m−2 for hummocks and ca. 0.17 m2·m−2 for lawns, respectively. The variation in LAIs was very small 
between the study years and the plots. Dominant vascular plants on the hummocks were Empetrum nigrum, An-
dromeda polifolia and Rubus chamaemorus, on the lawns Eriophorum vaginatum, Andromeda polifolia and 
Vaccinium oxycoccos, respectively. 
3.2.	CO2	Exchange	
The mean measured seasonal NEE of hummocks during 2010-2013 was 329, 218, 201 and 162 mg CO2 m−2·h−1, 
respectively, and for lawns 220, 182, 240 and 156 mg CO2 m−2·h−1, respectively (Figure 4). All mean seasonal 
NEE values showed a positive seasonal net balance, i.e. all measured CO2 exchange plots acted as a sink for 
CO2 during 2010-2013, but both microtopographical habitats showed relatively large differences in NEE be-
tween the years (Figure 4). The mean measured seasonal NEE of hummocks was higher than the NEE of lawns 
in every year during 2010-2013, except in 2012 (Figure 4). However, the difference between the NEE of hum-
mocks and lawns was statistically significant only in 2010 (Table 1). Assuming that the growing season at 
Kauhaneva over the four-year study period 2010-2013 is considered to last ca. seven months for hummocks and 
ca. six months for lawns, the seasonal carbon balance was 310 g CO2-C m−2 for hummocks and 233 g CO2-C 
m−2 for lawns, respectively. 
The mean measured seasonal RE in the dark for hummocks during 2010-2013 was 723, 537, 402 and 566 mg 
CO2 m−2·h−1, respectively, and for lawns 417, 259, 282 and 270 mg CO2 m−2·h−1, respectively (Figure 4). The 
mean measured seasonal RE of hummocks was clearly higher than the RE of lawns in every year during 
2010-2013 (Figure 4). The difference between the RE of hummocks and lawns was significant in every year 
during 2010-2013 (Table 1). 
4.	Discussion	
In our four-year study the inter-annual variability in climatic conditions was considerable and partly unexpected 
as reported in other multi-year studies (e.g.  [26]) as well. For instance, during the study period there was a very 
warm growing season in 2010, but a cold season in 2012 too. Additionally, although the season of 2012 was the 
coldest during our study period 2010-2013, the snowmelt was, however, the earliest occurring already in the 
middle of March. 
In general, instantaneous NEE and RE in our study roughly corresponded to those measured in other studies 
on pristine mires  [26]- [29]. Likewise to the above studies, annual variation in NEE and RE results was consid-
erable in our study, highlighting the importance of multi-year empirical studies. The mean measured seasonal 
NEE, i.e. the net carbon sequestration, of hummocks during 2010-2013 was generally slightly higher than the 
NEE of lawns, but the differences between the NEE of microtopographical habitats were rather small and not 
significant, except in 2010. However, the mean measured seasonal RE of hummocks was clearly higher than the 
RE of lawns in every year during 2010-2013, and the difference between the RE of hummocks and lawns was 
significant in every year during 2010-2013. A reason for the more significant differences in RE than NEE, may 
be the higher sensitivity of RE on alterations in WTL, in particular during early spring and late autumn when the 
differences in WTL between hummocks and lawns were at greatest. Also Riutta et al.  [26] and Ballantyne et al. 
 [30] reported the significantly increased RE with lowered WTL on boreal poor fens. 
The other important reason for the observed higher seasonal carbon sequestration of hummocks than that of 
lawns besides the slightly higher rate of carbon accumulation was the longer snow- and inundation-free period 
on hummocks, i.e. the duration of physiologically active growing season. There is strong evidence that the in-
terannual variation of the carbon sequestration on boreal mires originates from the variations in the snow-free 
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Figure 4. Measured instantaneous CO2 exchange (NEE and RE) of the microtopographical habitats (hummocks and lawns) 
during 2010-2013. 
 
Table 1. The significances (F- and their p-values) of differences between the NEE/RE of the hummocks and lawns (micro-
form effect) during 2010-2013. Test results were considered significant when p < 0.05, and marked by the asterisk. 
Microform effect 2010 2011 2012 2013 
NEE F = 5.24; p < 0.05* F = 0.42; p = 0.522 F = 1.88; p = 0.177 F = 1.70; p = 0.199 
RE F = 9.91; p < 0.05* F = 18.28; p < 0.05* F = 10.62; p < 0.05* F = 38.39; p < 0.05* 
 
period  [18] or from the variations in the inundation  [21]. Our study shows that longer snow-free period due to 
early snowmelt enhances more the carbon sequestration of microtopographically higher habitats (hummocks) 
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than the surroundings (lawns). This is mainly because of snow cover and too high WTL (inundation) for the ef-
fective carbon sequestration in early spring on the microtopographically lower lawns. 
In our study, the photosynthesis of mire vegetation did not occur under snow cover or under inundation, al-
though the photosynthetic activity of boreal dwarf shrubs under snow cover has shown to take place  [31]  [32]. 
At Kauhaneva, the LAI of vascular plants was very low, and the major part of photosynthetic activity was due to 
Sphagnum mosses that are not likely capable for photosynthesis under snow. However, Sphagnum mosses have 
the ability to grow under lower solar irradiance and temperature conditions than the vascular plants  [19]  [20]. 
Accordingly, Sphagnum mosses grow in low temperature conditions immediately after snowmelt and/or after 
the removal of inundation in early spring, or in low solar irradiance conditions in late autumn. Since the increase 
of greenhouse gases in the atmosphere is expected to instigate warming in high northern latitudes especially 
during winter and early spring  [33]- [35], the snowmelt will take place earlier in the future, and this will probably 
prolong the effective growing season especially during early spring in rather high solar irradiance conditions  [36] 
 [37]. The ability of plants to benefit from intermittent warm periods during winter and early spring, without 
succumbing to freezing damage during subsequent periods of frost, depends on a delicate balance between ac-
tivity and protection, which may easily tip over in conditions where the annual winter- and springtime tempera-
tures are rising  [31]  [32]. Plants having a capability for the effective winter- and springtime photosynthesis, like 
Sphagnum mosses, may significantly benefit from increased wintertime temperatures and earlier snowmelt. 
Sphagnum mosses are known as a mire plant group that is the most sensitive to environmental conditions, es-
pecially to soil moisture, as a result of an optimum WTL close to the surface and narrowest tolerance to WTL 
variation  [26]  [38]  [39]. Furthermore, unfavorable environmental conditions may diminish directly the amount 
of phytomass, i.e. in terms of the abundance and coverage, of a certain Sphagnum group  [26]. Also our study 
demonstrated that microtopographically scattered, functional plant groups on a bog differed in their responses to 
snow cover and WTL and, consequently, changes in snow cover and WTL may modify their contribution to the 
ecosystem CO2 dynamics in the future. In particular, the hummock-forming Sphagnum mosses that exposed 
firstly from snow cover showed to gain additional time for photosynthesis and thus further benefit compared to 
other mire plants. This may further enhance the expansion of hummock-forming Sphagnum moss dominating 
the raised bogs towards northern aapa-mire region due to the global warming. Since Sphagnum is one of the 
main peat forming and carbon accumulating plant genus globally, the large-scale shifting from lawn-forming 
Sphagnum mosses towards hummock-forming Sphagnum mosses in northern boreal region may play a signifi-
cant role in the global carbon balance. The results of this study are therefore of general interest for assessing the 
annual photosynthetic cycle of this abundant mire plant genus throughout the boreal zone, emphasizing the role 
of early growing season. 
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